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Abstract 

Internal  modified-mesoporous  Si02  using  ionic  liquid  (IL-MPSi)  as  one  of  the  additives  has  been  prepared  and  added  to  the  poly(ethylene 
oxide)  (PEO)-based  solid  electrolytes  for  improving  the  ionic  conductivity.  In  this  study,  l-ethyl-3-methylimidazolium  tetrafluoroborate 
(EMI1T1BF4)  has  been  used  as  an  ionic  liquid.  The  conductivity  was  significantly  improved  by  the  addition  of  IL-MPSi,  to  be  more  than 
10-5  S  cm-1  at  room  temperature  and  at  the  filler  contents  of  15  wt.%,  in  the  solid  state.  From  the  combination  of  dc  polarization  and  ac 
impedance  measurement  for  lithium  cells,  it  was  revealed  that  the  addition  of  IL-MPSi  increased  the  Li+  transference  number  (r+),  because  the 
EMImBF4  used  in  this  study  possesses  higher  f+  (approximately  0.5)  than  the  PEO-salt  simple  mixture.  This  means  that  the  MPSi  domains 
can  act  as  “bypass”  for  transport  of  carrier  ions  to  the  PEO  matrix  through  the  inside  IL  phase. 

©  2005  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Ion-conductive  polymers  such  as  poly(ethylene  oxide) 
(PEO)  including  metal  salts  [1]  have  an  interest  as  solid- 
state  alternatives  to  liquid  electrolytes  for  electrochemical  de¬ 
vice  applications  [2-5],  especially  for  lithium  batteries  [2,3]. 
These  have  recently  been  many  studies  on  the  macromolec- 
ular  design  of  PEO-based  polymers  as  electrolyte  materials 
with  mainly  reduced  degree  of  crystallinity,  showing  good 
electrochemical  stability,  and  improvement  in  salt  solubil¬ 
ity  [6,7].  However,  these  materials  suffer  from  a  relatively 
low  ionic  conductivity  in  the  solid  state  compared  with  most 
liquid  or  ceramic  electrolytes.  For  fast  migration  of  ions,  a 
technique  that  can  modify  the  localized  polar  structure  con¬ 
taining  ions  is  needed. 
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On  the  other  hand,  Scrosati  and  co-workers  have  reported 
that  the  addition  of  nano-size  ceramic  particles  can  be  ef¬ 
fective  for  improving  the  conductivity  with  good  mechani¬ 
cal  strength  [8-15].  The  addition  of  fillers  to  the  PEO-based 
electrolytes  gives  rise  to  the  significant  increase  in  the  con¬ 
ductivity,  the  inhibition  of  polymer  re-crystallization,  the  de¬ 
crease  in  glass  transition  temperature  (Tg),  and  the  increase 
in  the  cation  transport  number.  It  is  considered  that  the  en¬ 
hanced  cationic  conduction  might  be  caused  by  the  active 
interface  between  polymer  and  filler  surface  based  on  the 
Lewis  acid-base  interactions  [13,14]. 

In  this  paper,  we  report  the  mesoporous  silica  (MPSi) 
which  was  internal  modified  by  ionic  liquid  (IL)  as  a  new  kind 
of  additives  for  PEO-based  electrolytes.  It  is  well  known  that 
the  MPSi  possess  high-ordered  organizations  based  on  the 
hexagonal  Si02  structure  with  high  surface  area  [16].  On  the 
other  hand,  the  IL  (e.g.  imidazolium  derivatives)  has  recently 
been  recognized  as  excellent  liquid  electrolytes  because  it 
shows  high  conductivity  with  good  chemical  and  thermal 
stability  [17,18].  We  expect  that  the  IL -modified  MPSi  act 
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as  a  fast-ion  conductive  path  through  the  mesopores  or  as  an 
active  interface  into  the  polymer  electrolytes. 

2.  Experimental  section 

2.1.  Sample  preparations 

The  mesoporous  silica  (MPSi)  was  synthesized  by  simple 
sol-gel  method  using  non-ionic  surfactant  (EO20PO70EO20 
block  copolymer,  Mw  =  5800,  Aldrich  Co.)  as  template 
molecules  for  the  formation  of  high-ordered  structures  [16]. 
The  synthesis  procedure  of  the  MPSi  was  followed  by  the 
same  process  written  in  a  previous  report  [19].  From  small 
angle  X-ray  scattering  (S  AXS)  measurement,  the  long  period, 
SiCb  wall  thickness,  and  pore  size  of  neat  MPSi  used  in  this 
study  were  estimated  as  9.7,  2.6,  and  7.1  nm,  respectively 
[19].  For  the  internal  modification  of  neat  MPSi,  1-ethyl- 
3-methylimidazolium  tetrafluoroborate  (EMImBF4,  Aldrich 
Co.)  was  used  as  ionic  liquid.  The  preparation  process  was 
also  followed  by  our  previous  study  [19].  The  schematic  im¬ 
ages  of  MPSi  domain  structure  and  the  EMImBF4-modified 
mesopore  are  shown  in  Fig.  1.  From  the  elemental  analy¬ 
sis  and  SAXS  measurement,  it  was  revealed  that  more  than 
60wt.%  of  EMImBF4  molecules  are  filled  into  inside  the 
mesopores  without  the  destruction  of  high-ordered  structure 
[19],  The  PEO  (Aldrich  Co.,  Mw=  100,000),  battery-grade 
LiCF3SC>3  (LiTf,  Aldrich  Co.),  and  the  fillers  were  mixed  by 
using  the  solvent-free  method  [15].  These  materials  were  in¬ 
troduced  into  a  polyethylene  bottle  with  small  glass  balls  and 
it  was  rolled  by  ball-milling  system  for  at  least  24  h.  Result¬ 
ing  homogeneous  powder  was  compression-molded  into  an 
approximately  130  p.m- thick  film  at  80  °C  for  20  min  under 
argon.  The  PEO-LiTf  composition  of  all  samples  is  specified 
as  5  mol%  (OE:Li  =  20: 1),  which  gives  the  ratio  of  the  num¬ 
ber  of  oxyethylene  (OE)  units  to  the  number  of  Li  cations. 


Fig.  1 .  Structural  images  of  neat  MPSi  domain  (up)  and  EMI1TLBF4  phase 
in  the  mesopore  (down). 


The  composite  samples  with  the  filler  contents  from  1.7  to 
27.8  wt.%  have  been  prepared  in  this  study. 

2.2.  Measurements 

The  ionic  conductivity  of  all  the  samples  was  mea¬ 
sured  by  a  complex  ac  impedance  method  using  a  Solatron 
1250  Impedance  Analyzer  in  the  frequency  range  from  1  to 
100 kHz.  The  measurement  was  carried  out  in  an  oil  bath 
where  the  temperature  was  controlled  from  90  to  30  °C  to 
hold  constant  every  10  °C  interval  for  at  least  8  h.  The  sam¬ 
ple  was  sandwiched  between  two  stainless  electrodes  with  a 
110  |xm-thick  Teflon®  spacer.  A  measurement  cell  was  intro¬ 
duced  into  a  coffee-bag  and  it  was  placed  into  the  oil  bath. 

The  DSC  measurement  was  carried  out  using  a  Mettler 
Toledo  Co.  system  consisting  of  a  DSC-822e.  The  tempera¬ 
ture  was  increased  from  — 100  to  200  °C  at  a  heating  rate  of 
10°Cmin_1. 

The  Li  transference  number  t+  was  determined  by  using 
a  combination  method  of  dc  polarization  and  ac  impedance 
measurement,  which  has  been  reported  by  Evans  et  al.  [20]. 
The  equation  is  shown  as  follows, 

Is(AV-I0Ro) 

t+  — -  (1) 

I0(AV-ISRS) 

where  /  is  the  dc  current  and  R  the  electron-transfer  resistance 
between  electrode  and  electrolyte.  Both  of  the  subscripts  0 
and  s  means  initial  and  steady  state.  The  current  and  resistance 
were  measured  from  a  multi-channel  potentiostat  VMP1  and 
a  Solatron  1260  Impedance  analyzer.  The  sample  was  sand¬ 
wiched  between  two  stainless  disks  with  the  0.5  mm-thick 
Li  foils  as  non-blocking  electrodes.  A  Li | electrolyte  film|Li 
cell  was  introduced  into  a  coffee-bag.  The  entire  process  was 
carried  out  in  an  argon  gas-filled  glove  box  (MBRAUN  Lab 
Master  130)  which  was  controlled  the  pressure  inside  and  the 
contents  of  water  and  oxygen  below  1  ppm.  Finally,  it  was 
placed  into  an  outside  oven,  which  was  held  the  temperature 
at  90  °C. 


3.  Results  and  discussion 

3.1.  ac  conductivity  measurement 

Temperature  dependence  of  ionic  conductivity  for  original 
PEC>2oLiTf  and  the  composite  electrolytes  filled  with  neat  and 
IL-MPSi  is  shown  in  Fig.  2.  An  original  sample  had  a  low  con¬ 
ductivity,  of  the  order  of  10"  7  S  cm"  1  at  room  temperature, 
because  of  a  transition  at  approximately  60  °C  corresponding 
to  the  melting  of  crystalline  PEO  domains.  Above  the  tran¬ 
sition  point,  the  conductivity  increases  linearly  with  temper¬ 
ature  and  the  temperature  dependence  essentially  follows  an 
Arrhenius-type  equation.  The  conductivity  of  the  neat  MPSi 
composite  was  higher  than  the  original  one  at  low  tempera¬ 
tures  because  the  addition  of  filler  gives  rise  to  the  decrease  in 
the  PEO  crylstalline  phase.  However,  there  are  almost  no  dif- 
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Table  1 

Glass  transition  temperature  (Tg),  melting  point  (!Tm),  and  heat  of  fusion  ( AH)  for  the  original  and  the  composite  electrolytes  obtained  from  DSC 


Sample 

Tm  (°C,  peak) 

Af/dg-1) 

Tg  rc) 

o\  (S  cm  *) 

Pure  PEO 

76 

155 

-58 

- 

PEOioLiTf 

62 

103 

-48 

7.1  x  10”8 

+neat  MPSi  5  wt.% 

72 

99 

-49 

6.5  x  ur7 

+neat  MPSi  10  wt.% 

70 

92 

-53 

i.6  x  ur6 

+neat  MPSi  15  wt.% 

68 

82 

-50 

8.9  x  10-7 

+IL-MPSi  5  wt.% 

68 

108 

-45 

3.2  x  ur6 

+IL-MPSi  10  wt.% 

72 

116 

-50 

1.1  x  10~5 

+IL-MPSi  15  wt.% 

72 

117 

-50 

3.8  x  10-5 

Pure  EMImBF4a 

14 

84 

-110 

6.3  x  10“3 

The  conductivities  (cq)  at  40  °C  are  also  shown. 

a  The  conductivity  has  been  measured  using  a  cell  for  liquid  electrolytes  with  the  same  impedance  system. 


ferences  in  the  conductivity  between  these  samples  at  higher 
temperatures.  The  composite  sample  including  15wt.%  of 
neat  MPSi  showed  a  little  lower  conductivity  than  the  original 
one  at  high  temperature  range.  On  the  other  hand,  the  con¬ 
ductivities  of  the  IL-MPSi  composites  are  higher  at  the  entire 
measurement  temperature.  Especially,  the  sample  including 
15  wt.%  of  IL-MPSi  shows  more  than  10-fold  higher  conduc¬ 
tivities  than  the  original  and  the  neat  MPSi  composite  sam¬ 
ples.  Fig.  3  summarizes  the  relation  between  the  conductivity 
at  40  and  90  °C  and  the  filler  contents  for  the  composite  elec¬ 
trolytes.  The  data  of  composite  samples,  which  were  filled 
with  nano-particle  SiC>2,  are  also  shown  as  reference  [15].  The 
conductivities  for  some  composite  samples  are  also  summa¬ 
rized  in  Table  1 .  The  conductivity  at  40  °C  for  the  neat  MPSi 
composite  samples  shows  a  maximum  at  approximately 
10  wt.%  filler  contents.  This  behavior  of  the  PEO-based  sim¬ 
ple  composite  systems  is  well  known  as  reported  by  Scrosati 
et  al.  [8].  At  high  contents  above  10 wt.%,  the  conductiv¬ 
ity  decreases  gradually  with  increasing  the  filler  contents  at 


1000/T  (1/K) 

Fig.  2.  Temperature  dependence  of  ionic  conductivity  for  original 
PEC>2oLiTf  and  the  composite  electrolytes  filled  with  neat  (open  plots)  and 
with  IL-MPSi  (close  plots). 


both  temperatures.  The  conductivity  of  the  composites  shows 
lower  than  that  of  the  original  and  particle  Si02  composites  at 
90  °C.  This  may  be  due  to  the  aggregation  of  filler  domains  as 
insulator,  which  prevents  the  segmental  motion  of  local  PEO 
chains  and  the  ionic  conduction  in  the  amorphous  phase.  By 
contrast,  the  composites  including  IL-MPSi  showed  differ¬ 
ent  conduction  behavior.  The  conductivity  has  significantly 
been  improved  by  the  addition  of  IL-MPSi.  The  compos¬ 
ite  including  IL-MPSi  of  15  wt.%  (the  amount  of  MPSi  in 
IL-MPSi  can  be  estimated  to  be  9.2  wt.%)  shows  the  maxi¬ 
mum  conductivity,  of  an  approximately  4  x  10-5  S  cm"  1  at 
40  °C.  The  composites  show  the  highest  conductivities  of 
all  the  composites  and  the  original  sample.  Moreover,  the 
composite  samples  including  IL-MPSi  of  more  than  15  wt.% 
still  maintain  the  enhanced  conductivities.  The  enhancement 
might  be  caused  by  the  fast  migration  of  ions  in  the  IL  phase 
or  ion  exchange  between  the  PEO  phase  and  IL  phase  inside 


Filler  Contents  (wt%) 

Fig.  3.  Relation  between  ionic  conductivity  at  40  and  90  °C  and  filler  con¬ 
tents  for  PEChoLiTf  composite  electrolytes.  The  PE02oLiTf  composites 
filled  with  nano-particle  SiOo  (open  square  plots,  at  90  °C)  are  shown  as 
reference  data  [15]. 
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Table  2 

Initial  and  steady  state  electrode  resistance  (Rq,  Rs),  direct  current  (Iq,  7s), 
and  calculated  Li+  transference  numbers  (f+)  for  original  PE02oLiTf  and  the 
composite  samples 


Sample 

So  (£2) 

Rs  (Q) 

Io  (M-A) 

Is  (P-A) 

4 

PE02oLiTf 

142.6 

154.0 

136.3 

28.2 

0.35 

+neat  MPSi  5  wt.% 

37.6 

36.1 

78.2 

42.8 

0.47 

+IL-MPSi  5  wt.% 

[Phase  I] 

25.5 

29.7 

50.9 

30.3 

0.57 

[Phase  II] 

122.5 

103.4 

0.33 

the  MPSi.  It  means  that  the  added  MPSi  domains  can  act  as 
fast  ion-conduction  “bypass”  between  the  amorphous  PEO 
phases. 

3.2.  Thermal  properties 

On  the  other  hand,  the  thermal  data,  which  have  been  ob¬ 
tained  from  the  DSC  measurement,  show  peculiar  behaviors 
in  the  MPSi  composite  electrolytes  (Table  1).  The  pure  PEO 
decreases  in  the  Tm  and  AH  by  the  addition  of  the  salt,  be¬ 
cause  the  PEO  crystal  phase  decreased.  The  addition  also 
gives  rise  to  the  significant  increase  in  the  7  g .  This  is  due  to 
the  strong  interactions  between  dissolved  Li  ions  and  dipoles 
of  ether  oxygens  [4,5,7].  Adding  the  neat  MPSi,  the  AH  grad¬ 
ually  decreases  with  increasing  the  filler  contents,  in  spite  of 
the  increase  in  the  Tm.  The  decrease  in  AH  and  the  increase 
in  Tm  might  be  caused  by  the  decrease  in  the  crystallinity 
of  PEO  and  the  increase  in  the  crystal  size.  The  increase  in 
the  conductivity  at  low  temperatures  is  due  to  the  decrease  in 
the  crystallinity  by  the  addition  of  neat  MPSi.  The  addition 
also  gives  rise  to  the  slightly  decrease  in  the  7g.  From  these 
results,  it  seems  that  the  neat  MPSi  can  disperse  into  the  PEO 
matrix  to  some  extent.  By  contrast,  the  AH  of  IL-MPSi  com¬ 
posites  slightly  increases  with  increasing  the  filler  contents, 
in  spite  that  the  conductivities  have  been  largely  improved 
by  the  addition,  as  seen  in  Figs.  2  and  3.  The  increase  in  the 
AH  might  be  related  to  the  crystal  phase  of  IL  inside  the 
mesopores.  However,  the  peaks  at  around  the  Tm  of  PEO, 
which  have  been  observed  from  DSC  curves,  become  broad 
with  increasing  the  filler  contents.  It  probably  means  that  the 
addition  of  IL-MPSi  gives  rise  to  the  disordered  structure  of 
PEO  crystal  phase. 

3.3.  dc  polarization  and  Li+  transport  numbers 

For  understanding  the  species  of  carrier  ions  where  the 
enhancement  of  the  conductivity  occurs,  it  is  important  to 
reveal  the  cation  transference  numbers  (7+)  in  the  composite 
electrolytes.  Bruce  and  co-workers  have  reported  a  technique 
in  which  a  combination  of  dc  and  ac  electrical  polarizations 
is  used  to  enable  the  t+  to  be  determined  [20].  Elapsed  time 
(  t  )  dependence  of  dc  polarization  current  for  the  original  and 
the  composite  samples  under  constant  voltage  of  10  mV  is 
shown  in  Fig.  4.  The  initial  and  steady  state  currents,  Iq  and 
7S,  are  also  summarized  in  Table  2.  The  Iq  drop  immediately 


Fig.  4.  Elapsed  time  dependence  of  direct  current  for  Li |  electrolyte | Li  cells 
under  the  constant  voltage  of  10  mV. 

within  200  s  and  show  the  7S  versus  t  for  more  than  3  h.  Espe¬ 
cially,  a  significant  drop  in  the  current  has  been  observed  for 
the  Li|original  PE02oLiTf|Li  cell.  It  is  due  to  the  polarization 
at  the  Li  cathode  based  on  the  migration  of  mainly  CF3SO3 
anions.  On  the  other  hand,  a  charge  transfer  reaction  between 
the  electrode  and  electrolyte  interface  can  be  observed  from 
the  ac  impedance  measurement.  The  impedance  response  for 
the  three  Li  cells  at  the  initial  state  (t  =  0)  is  shown  in  Fig.  5. 
The  initial  and  steady  state  resistances,  Rq  and  7?s,  are  also 
summarized  in  Table  2.  In  the  above  figure,  the  arcs  represent 
the  charge  transfer  resistance  (Rq)  at  the  interface  between  Li 
electrode  and  electrolyte  based  on  the  double-layer  capaci¬ 
tance  (Ce).  The  equivalent  circuit  consists  of  a  series  of  the 
bulk  and  the  charge  transfer  components  is  represented  as 
seen  in  the  above  figure.  The  Rq  of  the  original  PE02oLiTf 
is  more  than  two-fold  larger  than  the  electrolyte  bulk  resis¬ 
tance,  7?b,  because  of  the  anionic  polarization  at  the  cathode 


Fig.  5.  Cole-Cole  plots  for  Li | electrolyte | Li  cells  at  the  initial  state  (f=0) 
and  90  °C.  The  equivalent  circuit  models  are  also  shown. 
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interface.  The  composite  sample  including  neat  MPSi  shows 
quite  small  Rq  and  Rs  compared  with  that  of  the  original. 
It  means  that  the  interfacial  stability  between  electrode  and 
electrolyte,  which  is  related  to  the  passivation  layers  prepared 
on  the  Li  electrodes,  has  been  highly  maintained  by  the  ad¬ 
dition  of  inorganic  fillers.  According  to  the  previous  report, 
the  preparation  process  of  the  layers  is  kinetically  rapid  com¬ 
pared  with  the  filler- free  system  [9].  On  the  other  hand,  we 
have  analyzed  that  the  impedance  response  of  an  IL-MPSi 
composite  includes  two  arcs,  which  can  be  separated  as  each 
charge  transfer  component.  One  is  due  to  the  IL  phase  I  (/?oi), 
and  the  other  is  due  to  the  bulk  PEO  phase  II  (Rq2).  Probably, 
this  is  due  to  the  phase  separation  between  the  PEO  matrix 
and  the  IL  phase.  From  the  above  combination  measurement, 
the  4  of  the  original  and  the  composite  electrolytes  have  been 
calculated  using  an  Eq.  (1)  as  summarized  in  the  Table  2.  It  is 
well  known  that  the  PEO-salt  simple  mixtures  are  the  anion¬ 
conducting  system,  because  the  4  is  lower  than  0.5  [4,5].  In 
the  neat  MPSi  composite  system,  the  4  has  been  enhanced, 
to  be  almost  of  0.5.  This  behavior  has  already  been  explained 
that  the  improvement  of  4  is  due  to  the  increase  of  interac¬ 
tions  between  the  surface  groups  such  as  hydroxyl  and  the 
anions  or  polyether  oxygens,  which  is  based  on  the  Lewis 
acid-base  nature  [13,14].  From  the  phase  I  and  II  in  the  IL- 
MPSi  composite,  the  4  has  been  calculated  as  0.57  and  0.33, 
respectively.  The  higher  4  in  the  phase  I  is  attributable  to 
the  IL  inside  the  mesopores,  because  the  4  of  EMImBF4  has 
been  estimated  to  be  0.5  from  the  diffusion  coefficient  mea¬ 
surement  using  PGSE-NMR  [21].  It  is  thought  that  the  lower 
4  is  attributable  to  the  separated  PEO-salt  complex  phase. 
In  fact,  the  phase  II  shows  almost  the  same  4  of  the  above 
original  PE02oLiTf.  From  these  results,  it  is  certain  that  the 
increase  in  the  4  of  IL-MPSi  composite  is  due  to  the  cationic 
conduction  in  the  IL  phase  inside  the  mesopores  or  the  ex¬ 
change  of  carrier  ions  at  the  active  of  the  MPSi  domains. 
Therefore,  we  can  say  that  the  MPSi  domains  functioned  as 
“bypass”,  which  can  transport  carrier  ions  rapidly  through 
the  IL-tunnels  in  the  PEO  matrix. 


4.  Conclusion 

We  have  prepared  the  ionic  liquid-modified-mesoporous 
silica  (IL-MPSi)  as  one  of  the  additives  for  improving  the 
ionic  conductivity  of  PEO-based  polymer  electrolytes  in  solid 
state.  The  conductivity  was  significantly  improved  by  the  ad¬ 
dition  of  IL-MPSi,  to  be  more  than  10-5  Scm-1  at  room 
temperature  and  at  the  filler  contents  of  15  wt.%.  It  has  been 
shown  from  the  DSC  measurement  that  the  heat  of  fusion 
based  on  the  crystal  PEO  phase  increased  with  increasing 
the  IL-MPSi  contents,  whereas  the  conductivity  at  40  °C  in¬ 
creased.  This  might  be  caused  by  the  crystalline  IL  phase 


inside  the  mesopores.  From  the  combination  consists  of  dc 
polarization  and  ac  impedance  measurement  for  Li  cells,  it 
was  revealed  that  the  addition  of  IL-MPSi  increases  in  the  Li+ 
transference  number.  It  indicates  that  the  MPSi  domains  can 
act  as  “bypass”,  which  transports  mainly  Li+  cations  through 
the  IL-tunnels. 
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